Mammalian SRP consists of 7SL RNA and six proteins (SRP54, SRP19, SRP68, SRP72, SRP14 and SRP9)[@R6] whereas the simplest bacterial SRP consists of only 4.5S RNA and Ffh[@R2],[@R7],[@R8]. SRP54 (Ffh) comprises three domains: the N-terminal four helix bundle (N domain) and a Ras-like GTPase domain (G domain), which together form the NG domain[@R9], and the C-terminal methionine-rich M domain which associates with SRP RNA and the signal sequence[@R10],[@R11]. The SRP-ribosome nascent chain (RNC) complex is docked to the protein-conducting channel *via* a GTP-dependent interaction between the NG domains of SRP54 and a membrane-associated SRP-receptor, FtsY in bacteria or the SRα-SRβ dimer in eukaryotes[@R1]. The crystal structure of the M domain of *Thermus aquaticus* Ffh revealed a groove lined by flexible hydrophobic residues, which was bound by the 'finger loop' of a neighbouring M domain and to which the signal sequence was proposed to bind[@R10]. It has been suggested that the flexible hydrophobic residues contribute to the structural plasticity necessary for SRP to bind signal sequences of different lengths and amino acid sequence[@R10]. Here we present a crystal structure of SRP54 with a signal sequence bound.

We cloned the SRP54 gene from *Sulfolobus solfataricus* into pET15b, together with a synthetic gene encoding the signal anchor sequence of the yeast dipeptidyl aminopeptidase B (DPAP-B)[@R12] ([Fig. S1](#SD1){ref-type="supplementary-material"}). Linker sequences of various lengths were inserted between the SRP54 and the signal sequence ([Table S1](#SD1){ref-type="supplementary-material"}). The SRP54-signal sequence fusion protein, designated SRP54\* hereafter, was highly expressed in *E. coli*. Analytical gel filtration showed that, with a linker of 11-39 residues SRP54\* formed a mixture of dimers and higher order oligomers ([Fig. S2](#SD1){ref-type="supplementary-material"}). With a linker of six residues it formed only high molecular weight oligomers or aggregates. No monomers were ever observed in solution even with the longest linker, which suggests that as the signal sequence moiety at the C-terminus of SRP54\* emerges from the ribosome it is immediately captured on the ribosome by the SRP54 moiety of a previously released molecule of SRP54\*. In support of this view, SRP54 (or Ffh) was found to bind the ribosome through its N domain both in the presence and absence of SRP RNA and can be cross-linked to the ribosomal protein L23 near the nascent chain exit channel[@R13],[@R14]. This observation is consistent with the cryoEM structure of the ribosome-SRP complex[@R15],[@R16]. Thus it is highly plausible for the emerging DPAP-B signal sequence to be captured in its physiological orientation on the M domain by another SRP54\* molecule bound to the ribosome through its N domain. When Leu-455 in the hydrophobic core of the signal peptide was mutated to Arg, this mutant was eluted in the void volume, suggesting that the signal sequence no longer binds to the M domain and causes aggregation. SRP54\* forms a complex with helix 8 of SRP RNA ([Fig. S3](#SD1){ref-type="supplementary-material"}), and binds the NG domain of FtsY only in the presence of Mg^2+^ and GMPPNP, showing that the important functions of SRP54 are unaffected by the linker[@R1] ([Fig. S4](#SD1){ref-type="supplementary-material"}).

SRP54\* with an 11mer linker crystallised in space group P4~1~2~1~2 with one monomer per asymmetric unit. The structure was solved by the MAD method using a methylmercury derivative of a single cysteine mutant (N177C) and refined to an R~free~ of 32.3% at 3.5Å resolution ([Table S2](#SD1){ref-type="supplementary-material"} and [Fig. 1a and b](#F1){ref-type="fig"}). From an unbiased electron density map calculated by combining the Hg MAD phases with molecular replacement phases from a homologous NG domain (PDB:1J8M), followed by solvent flattening ([Fig. S5](#SD1){ref-type="supplementary-material"}), the orientation and register of the signal peptide relative to the M domain have been established unambiguously. In SRP54\* the signal peptide binds to a groove formed between helix αM4 and helices αM1 and αM2 oriented perpendicular to αM4 ([Fig. 1c](#F1){ref-type="fig"}). From these three helices 11 conserved residues (Val332, Ile336, Leu339, Ile374, Trp377, Leu417, Trp420, Met424, Leu427, Leu428, Val431) form a continuous hydrophobic surface over the groove ([Fig. 2](#F2){ref-type="fig"} and [S1b](#SD1){ref-type="supplementary-material"}). The indole rings of Trp377 and Trp420 cluster together creating a bulge in the groove surface ([Fig. 2b](#F2){ref-type="fig"}). Eight residues (Ile450-Trp457) in the h-region of the signal peptide ([Fig. S1](#SD1){ref-type="supplementary-material"}) are in α-helical conformation, but the helix extends to Leu461 with a bend at Gly458 that complements the Trp bulge in the groove floor. The signal peptide helix interacts extensively with hydrophobic residues on the binding groove as summarized in [Fig. 2d](#F2){ref-type="fig"}. The polar c-region forms a more irregular structure near the N-terminus of αM4 containing three glutamates, while the n-region is poorly ordered. By matching the h-region with the hydrophobic part of αM4 and the c-region with the hydrophilic, the orientation of the signal peptide relative to the M domain shown by SRP54\* is most likely biological, which will dictate the orientation of the M domain relative to the exit channel in the ribosome.

The M domain binds signal peptides with considerable sequence variations in the h-region, including a synthetic peptide with poly-Leu for its h-region[@R17]. Clues to the structural basis are embedded in the SRP54\* structure. Firstly, the signal sequence helix and αM4 interact by the most commonly occurring 4-4 "ridges-into-grooves" helix packing, with a crossing angle of −40° in the Chothia notation[@R18]. Because this crossing angle results in the extensive interaction between the h-region of the signal peptide and αM4 of the M domain, we expect the 4-4 helix packing with αM4 to be conserved in signal peptide recognition. The closest approach is 7.1Å (calculated for Cα atoms) between Leu455 and Met424, which belong respectively to the Ile451-Leu455-Thr459 ridge in the signal peptide helix and Trp420-Met424-Leu428 ridge in αM4. The ridge on αM4 contains two conserved residues that in homologous cases are frequently Leu and Met ([Fig. S1b](#SD1){ref-type="supplementary-material"}). Secondly, in SRP54 the signal peptide is bent at Gly458 to accommodate two adjacent Trp residues (Trp377, Trp420) in the groove. In the absence of signal peptide (PDB:1QZX) Trp420 adopts a different rotamer[@R19] so these indole rings are not clustered together, suggesting that the signal peptide binding can involve an induced fit mechanism to maximise the hydrophobic interactions with particular signal sequences. However, unlike the signal peptide the backbone structure in αM2-αM4 is consistently rigid among homologous structures (PDB: 2FFH; 1QZX)[@R10],[@R19]. Thirdly, additional hydrophobic residues lining the groove are available for interaction with different or longer signal peptides. The minimal length of the h-region is eight residues[@R3]-[@R5] and this roughly corresponds to nine residues of the DPAP-B signal peptide forming extensive contacts. Lastly, the bulky side chain of Trp457 in the DPAP-B signal peptide faces away from the groove and restricts the rotational freedom of the signal peptide in its binding groove ([Fig. 2c](#F2){ref-type="fig"}). The majority of SRP-dependent signal peptides verified experimentally[@R20] ([Fig. S6](#SD1){ref-type="supplementary-material"}) contain one or two consecutive aromatic amino acids (Phe-Tyr in SfmC and Phe-Phe in FocC), which may similarly restrict the orientation of the signal peptide. The exclusion of the n- and c-regions from the hydrophobic groove likewise restricts the longitudinal position of the signal peptide with respect to the groove.

In the absence of signal sequence (PDB: 1QZX and 1QZW)[@R19] the finger loop drapes across the binding groove and inserts some of its six hydrophobic residues (Leu355, Ile357, Met358, Leu359, Leu367, and Ile369) in the signal sequence binding site ([Fig. 1d](#F1){ref-type="fig"}). In SRP54\* the finger loop region forms a lid above the bound signal peptide in a conformation roughly resembling the finger loop of *Thermus aquaticus* Ffh (PDB: 2FFH)[@R10]: residues 362-371 form a helix (αMF), linked to αM1b via a loop in an extended conformation ([Fig. 1c](#F1){ref-type="fig"}). Our structure and the cryoEM model of the signal peptide-bound M domain (EMD1264, PDB:2J37) are in good agreement except in the finger loop/helix[@R15]. In the EM model this sequence was interpreted as a loop but the density appears more consistent with our observation that it partly forms a helix (αMF) ([Fig. S7](#SD1){ref-type="supplementary-material"}). However, the cryoEM map suggests αMF closes on the signal sequence to provide additional stabilizing interactions in the SRP-RNC complex; this movement is restricted in SRP54\* by lattice contacts of the αM1b-αMF loop ([Fig. S8](#SD1){ref-type="supplementary-material"}).

The binding of SRP to the RNC complex causes a large movement of the NG domain with respect to the M domain ([Fig. 3](#F3){ref-type="fig"}), such that the SRP54 M domain interacts with ribosomal RNA helices 24, 59 and 50 and protein L24, and the SRP54 NG domain interacts through the N domain with the ribosomal protein L23 and L29[@R15],[@R16]. The structure of SRP54\* shows that the binding of signal sequence to the M domain alone is insufficient to induce this large domain re-arrangement. The linker helix (αML) between the NG and M domains is disordered in SRP54\* ([Fig. 1c](#F1){ref-type="fig"}), but in the signal peptide-free SRP54 (PDB: 1QZX, 1QZW)[@R19] αML and αM1 partially block the signal peptide binding site ([Fig. 1c and 1d](#F1){ref-type="fig"}). It has been suggested that the orientation of the linker helix relative to the NG and M domains markedly changes upon ribosome binding. Consequently, the linker helix could couple the signal peptide binding and ribosome binding. It has been proposed that the SRP RNA has a role in signal recognition via electrostatic interactions between the backbone of the RNA and the positively charged residues in the n-region[@R21],[@R22]. When the M domain of SRP54\* is overlaid onto the M domain of bacterial or mammalian SRP-RNA complex[@R19],[@R21],[@R23], the n-region of the signal peptide is too far from SRP-RNA to make direct contact ([Fig. S9](#SD1){ref-type="supplementary-material"}). The cryoEM models of the *E. coli* and mammalian SRP-RNC complexes (PDB: 2J28 and 2J37) consistently indicate no interaction between the signal sequence and SRP RNA[@R15], thus making the involvement of SRP-RNA in signal sequence recognition unlikely. The positively charged residues in the n-region may be conserved for other reasons, for example, for its interaction with the phospholipid head group during protein translocation[@R24].

In conclusion, SRP54\* has provided a first glimpse of signal peptide binding to SRP. However additional structures with different signal sequences in the future will be required to fill out the repertoire of accommodations, as well as assessing in a statistically meaningful way the relative importance of each contact position for the recognition.

Summary Method {#S1}
==============

A fusion protein (SRP54\*) consisting of *Sulfolobus solfataricus* SRP54 and yeast dipeptidyl aminopeptidase B signal sequence was produced in *E. coli*. Crystal structure of SRP54\* was determined by the MAD method using a methylmercury derivative of a mutant (N177C).

Methods {#S2}
=======

Plasmid for protein expression {#S3}
------------------------------

The sequence encoding *Sulfolobus solfataricus* SRP54 residues 2--432 was amplified by PCR from genomic DNA and cloned into the NcoI-XhoI site of pET15b. Four overlapping oligonucleotides encoding the signal anchor sequence from *S. cerevisiae* dipeptidyl-aminopeptidase B (KLIRVGIILVLLIWGTVLLLKSIPHH) and a penta-histidine tag, were cloned into the BamHI site in such a way that a BamHI site is retained only on the 5′ end. This signal sequence was used for a cryo-EM study of the SRP-ribosome-nascent chain complex[@R12]. A pair of oligonucleotides encoding various linker sequences was cloned between the XhoI and BamHI sites ([Table S1](#SD1){ref-type="supplementary-material"}). The 11 residue linker sequence was (ARSGSGSGSGS). A single cysteine mutant N177C was generated by a PCR based mutagenesis.

Protein expression and purification {#S4}
-----------------------------------

Rosetta (DE3) pLysS cells (Novagen) harbouring pET15-SRP54\* or pET15-SRP54\*(N177C) were grown in 2xTY media with 50μg/ml Ampicillin and 25μg/ml Chloramphenicol, and protein expression was induced at an OD~600~ of 0.7 with 1 mM IPTG for 3 hr at 25°C. Harvested cells were suspended in 20 mM Hepes pH 7.4, 1 M NaCl, 10 % glycerol and EDTA-free protease inhibitor cocktail (Roche) and lysed by sonication. The clarified lysate was applied to a Ni-NTA agarose (QIAGEN) column equilibrated in 20 mM Hepes pH 7.4, 500 mM NaCl, 20 mM imidazole and eluted with a linear gradient to 20 mM Hepes pH 7.4, 500 mM NaCl, 320 mM imidazole. The peak fractions were applied to a hydroxyapatite (Bio-Rad) column equilibrated in 20 mM Tris-HCl pH 7.4, 200 mM NaCl and eluted with a linear gradient of 0-12 % ammonium sulfate in the same buffer. The pooled fractions were dialysed against 20 mM Tris-HCl pH 7.4, 200 mM NaCl and applied to a heparin-Sepharose column (Amersham Biosciences) equilibrated with the same buffer. The protein was eluted with a linear gradient of 200 mM-1 M NaCl in 20 mM Tris-HCl pH 7.4. Peak fractions were pooled and dialysed against 20 mM Tris HCl pH 7.4, 100 mM NaCl. At this salt concentration, dimers remained soluble whereas all higher oligomers precipitated.

Crystallization {#S5}
---------------

SRP54\* dimer crystals were grown by hanging drop vapour diffusion at 295 K, by mixing equal volumes of protein (18 mg.ml^−1^) and reservoir solution containing 5-7 % PEG 4000, 100 mM Bis-Tris pH 5.5, 100 mM NaCl, 2 % Polypropylene glycol P400, 5-50 mM Mg(OAc)~2~. Single crystals were obtained by streak seeding from existing SRP54\* crystals. Purified SRP54\*(N177C) was pre-reacted with 0.5 mM methylmercury nitrate and crystallised under the same condition. The native and derivative crystals grew in the space group P4~1~2~1~2 and appeared within 5-7 days. The crystals were equilibrated with 25 % PEG 4000, 15 % Glycerol, 100 mM Bis-Tris pH 5.5, 100 mM NaCl and flash frozen in liquid nitrogen.

Structure determination {#S6}
-----------------------

The native dataset and three-wavelength MAD datasets (peak, inflection and remote) of the methylmercury derivative were collected at 100 K on beamline ID14-1 and ID14-4 at the European Synchrotron Radiation Facility in Grenoble, France. The data were processed with MOSFLM/SCALA/TRUNCATE[@R25],[@R26]. The single methylmercury site was determined in AutoSHARP[@R27] and refined in SHARP[@R27] with phase calculation for the resolution range of 46-4.19 Å. The overall FOM was 0.354 (0.416 acentric, 0.152 centric), increased to 0.399 for centric after solvent flipping in SOLOMON[@R28]. MAD phases before Solomon were combined with native amplitudes to 3.5Å resolution to calculate the initial map. This showed unambiguous density for the NG domain, into which residues 2-307 of the wild type structure (PDB: 1QZX)[@R19] were placed readily with only minor adjustments of the coordinates. Additional α-helical density for the M domain was observed and αM1-αM1b (residues 327--352) and αM2--αM4 (residues 374--431) were built by several rounds of manual model rebuilding in COOT[@R29] and refinement (see below) in CNS[@R30]. The signal sequence (residues 449-468) was built into an additional rod-like density, running roughly anti-parallel to αM4, while the linker connecting the M domain and the signal sequence (residues 432-448) was disordered. Refinement led to a 2Fo - Fc map showing convincing densities for residues 353-373, formerly termed the "finger loop"[@R10], but now showing residues 362-371 as an α-helix which we renamed the finger helix (αMF). This interpretation was validated in two ways. Firstly, an unbiased map calculated by combining the Hg MAD phases with molecular replacement phases ([Fig. S5a](#SD1){ref-type="supplementary-material"}), where the search model was a homologous NG domain (PDB: 1J8M), showed clearly all elements in our model including the signal peptide and finger helix. Secondly, a simulated annealing omit map, omitting both the signal peptide and the finger loop sequence, confirmed their polypeptide path ([Fig. S5b](#SD1){ref-type="supplementary-material"}). The signal peptide and finger loop were rebuilt into the connected densities in the omit map before refinement of the whole structure. The structure was refined against the MAD phases in CNS[@R30] with simulated annealing and restrained individual B-factors to a crystallographic R factor of 30.2% (R~free~=32.3%) for resolution 58-3.5 Å, with good stereochemistry ([Table S2](#SD1){ref-type="supplementary-material"}) and good Ramachandran statistics (83.3% in preferred regions; 15.5% in allowed regions and 1.2% in disallowed regions). Due to the modest resolution, harmonic restraints (10-20 kcal /mol Å^2^) were imposed on all atom positions throughout refinement, together with main chain hydrogen bond restraints, which resulted in better geometry and R-factors. All figures are drawn with Pymol[@R31].

Mass Spectrometry {#S7}
-----------------

Mass spectrometry data were acquired using a modified QTOF2 instrument (Waters) configured for nanoflow ESI in positive ion mode essentially as described previously[@R32]. Spectra under native conditions were collected in 500 mM ammonium acetate.
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![Structural of SRP54 in complex with a signal sequence\
**a**, Overall structure of *Sulfolobus solfataricus* SRP54-signal peptide fusion protein. **b**, The sigmaA-weighted and B-factor (−50A^2^) sharpened 2Fo - Fc map is shown over the signal peptide. The map is contoured at about 1 sigma. The atomic model is shown as bonds overlaid by ribbons along the backbone. **c**, The M domain of SRP54\* with a bound signal peptide (residues Gly449B-His468B). Helices are colour-coded as in [Fig. S1](#SD1){ref-type="supplementary-material"} and the poorly ordered region (residues 308-325) is represented by a dotted curve. **d**, The M domain of free SRP54 (PDB: 1QZX)[@R19]. The disordered region (residues 320-326) is shown as a dotted curve.](ukmss-28736-f0001){#F1}

![Interaction of the M domain with a signal peptide\
**a**, Surface representation with the h- and c-regions of the signal sequence coloured yellow and blue, respectively. **b**, Same view as in **a** but the signal peptide is omitted to reveal the signal peptide binding pocket. Met342, Leu345 and Val348 (cyan) may be involved in coupling the M domain to the NG domain via the linker. **c**, The bulky Trp457 side chain of the signal peptide limits its rotational freedom in the binding pocket. **d**, Contact diagram between the signal peptide and the binding groove with a 5.5Å cut-off. Green circles indicate surface residues of the binding groove as highlighted in [Fig. S1b](#SD1){ref-type="supplementary-material"}.](ukmss-28736-f0002){#F2}

![Structural change of SRP54 upon signal sequence binding\
**a**, *Sulfolobus solfataricus* SRP54 bound to RNA (PDB: 1QZW)[@R19]. **b**, model of the SRP54\*-RNA complex. The M domain of SRP54\* was overlaid onto that of the SRP54-RNA complex (PDB: 1QZW)[@R19]. **c,***E. coli* signal recognition particle bound to the ribosome (PDB: 2J28)[@R15].](ukmss-28736-f0003){#F3}
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